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Abstract
CP violations in the kaon system are studied in supersymmetric SU(5) model with
right-handed neutrinos. We pay a special attention to the renormalization group effect
on the off-diagonal elements of the squark mass matrices. In particular, if the Yukawa
couplings and mixings in the neutrino sector are sizable, off-diagonal elements of the
right-handed down-type squark mass matrix are generated, which affect CP and flavor
violations in decay processes of the kaon. We calculate supersymmetric contributions
to ǫ (as well as ∆mK), Br(KL → π0νν¯), and ǫ′/ǫ in this framework. We will see that
the supersymmetric contribution to the ǫ parameter can be as large as (and in some
case, larger than) the experimentally measured value. We also discuss its implication
to future tests of the unitarity triangle of the Kobayashi-Maskawa matrix.
1 Introduction
One of the most important issues in particle physics today is to understand the origin of
CP violations. Indeed, many efforts have been made to measure CP violations in various
processes. So far, for the K system, non-vanishing values of the ǫ and ǫ′ parameters have
been observed. In addition, CP violation in the B0 → ψK0 process, i.e., the angle φ1,#1 is
now being measured by the on-going B-factories, and even at the present stage non-vanishing
CP violation in this process is reported [1, 2].
In the framework of standard model (SM), the most well-known mechanism to explain
these CP violations is to introduce the Kobayashi-Maskawa (KM) matrix [3] which con-
tains one physical complex phase for the three family case. That is, using the Wolfenstein
parameterization [4]:
VKM ≃


1− λ2/2 λ Aλ3(ρ− iη)
−λ 1− λ2/2 Aλ2
Aλ3(1− ρ− iη) −Aλ2 1

 , (1.1)
the parameter η parameterizes the size of the CP violation.
Importantly, the measurements of ǫ and φ1 are used to constrain the parameters in the
KM matrix. Currently, all the measurements of the CP violations more or less suggest the
same region on the ρ vs. η plane, and hence the observed CP violations are well explained
in the framework proposed by Kobayashi and Maskawa. In the near future, some of the
measurements of the CP violations will become more precise [5, 6]. In addition, there will be
other constraints on the ρ vs. η plane from various new processes like KL → π0νν¯ and decay
processes of Bd and Bs mesons. These processes will provide important tests of the unitariry
of the KM matrix and the origin of the CP violations. In particular, if some new physics
exists, it may provide a new source of the CP violation which may be seen as a deviation
from the SM prediction on the ρ vs. η plane.
Of course, possible deviations depend on featrures of new physics beyond the standard
model. Among various models, in this paper, we consider one of the most well-motivated
ones, that is, supersymmetric (SUSY) unified model with right-handed neutrinos. Such a
model can solve some of the theoretical and experimental problems which cannot be solved in
the framework of SM. First, in the supersymmetric theories, the serious naturalness problem
can be avoided because of the cancellation of the quadratic divergences between bosonic
and fermionic loops. In addition, in the minimal SUSY SM (MSSM), successful gauge
coupling unification can be realized contrary to the standard-model case where three gauge
couplings do not meet at any high energy scale. Furthermore, in this framework, solar and
atmospheric neutrino problems [7, 8] may be solved by small neutrino masses generated
by the seesaw mechanism [9]. Thus, supersymmetric unified theories with right-handed
neutrinos are theoretically and experimentally well-motivated, and it is worth studying its
#1The angle φ1 is also called the angle β. In this paper, however, we do not use this notation since we use
the angle β to parameterize the vacuum expectation values of two Higgs bosons.
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phenomenological consequences. In this context there have been some phenomenological
studies [10, 11] which obatained interesting results in some processes.
In this paper, we study the CP violating processes in the kaon system in the framework
of supersymmetrics grand unified theories (GUTs) with right-handed neutrinos.#2 Indeed,
in such models, there are many possible new physical phases in the soft SUSY breaking
parameters, which may affect various CP violating processes.
This paper is orgenized as follows. In Section 2, we introduce the model we consider.
Then, in Section 3, rates of the various CP violations in the K-system is numerically evalu-
ated. Section 4 is devoted for the conslusions and discussion. Relevant formulae are collected
in the Appendices.
2 Model
In this paper we consider the minimal SU(5) GUT with singlet right-handed neutrinos. Let
us denote 10, 5¯, and the right-handed neutino chiral multiplets in i-th generation as Ψi, Φi
and Ni, respectively. The superpotential is given as follows;
#3
WGUT =
1
8
Ψi[YU ]ijΨjH +Ψi[YD]ijΦjH¯ +Ni[YN ]ijΦjH +
1
2
Ni[MN ]ijNj, (2.1)
where H and H¯ are 5 and 5¯ representation Higgs fields, respectively. Here i, j are generation
indices. MN is Majorana mass matrix of the right-handed neutrinos. Throughout the paper
we adopt the universal structure of MN for simplicity,
[MN ]ij =MνRδij . (2.2)
For our discussion it is convenient to choose basis of Ψi, Φi and Ni such that the down-
type Yukawa matrix is diagonal and mixing matrices appear in the up-type and neutrino
Yukawa couplings. The mixing matrix of the up-type Yukawa coupling corresponds to the
KM matrix VKM. In general the mixing matrix of the neutrino Yukawa coupling is given by
a combination of two unitary matrices that are mixing matrices of left-handed neutrinos and
right-handed Majorana neutrinos. In our case the mixing matrix of the neutrino Yukawa
coupling becomes the Maki-Nakagawa-Sakata matrix VMNS [16] because of the universal
structure given in Eq. (2.2). Hence in this basis Yukawa matrices are decomposed as
YU(MGUT) = V
T
KMΘˆQYˆUVKM, YD(MGUT) = YˆD, YN(MGUT) = YˆNV
T
MNSΘˆL, (2.3)
where Yˆ ’s are diagonal matrices;
YˆU = diag(yu1, yu2, yu3), YˆD = diag(yd1, yd2, yd3), YˆN = diag(yn1, yn2, yn3), (2.4)
#2Flavor violation in K and B sysytems in the framework of SUSY SM without the right-handed neutrino
have been discussed in [12, 13, 14, 15].
#3In addition, an adjoint Higgs Σ which is responsible for SU(5) breaking is assumed. However interactions
between Σ and the other chiral multiplets are not significant for our discussion. Hence we do not discuss
these interactions in this paper.
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and Θˆ’s are diagonal phase matrices;
ΘˆQ = diag(e
iϕ
(Q)
1 , eiϕ
(Q)
2 , eiϕ
(Q)
3 ), ΘˆL = diag(e
iϕ
(L)
1 , eiϕ
(L)
2 , eiϕ
(L)
3 ). (2.5)
Since physics does not change under redefinition of overall phases of ΘˆQ and ΘˆL, we fix
ϕ
(Q)
1 + ϕ
(Q)
2 + ϕ
(Q)
3 = 0 and ϕ
(L)
1 + ϕ
(L)
2 + ϕ
(L)
3 = 0. VKM and VMNS are parameterized by four
parameters, i.e., three mixing angles and one phase as follows [17];
VKM =


c
(Q)
12 c
(Q)
13 s
(Q)
12 c
(Q)
13 s
(Q)
13 e
−iδ
(Q)
13
−s(Q)12 c(Q)23 − c(Q)12 s(Q)23 s(Q)13 eiδ
(Q)
13 c
(Q)
12 c
(Q)
23 − s(Q)12 s(Q)23 s(Q)13 eiδ
(Q)
13 s
(Q)
23 c
(Q)
13
s
(Q)
12 s
(Q)
23 − c(Q)12 c(Q)23 s(Q)13 eiδ
(Q)
13 −c(Q)12 s(Q)23 − s(Q)12 c(Q)23 s(Q)13 eiδ
(Q)
13 c
(Q)
23 c
(Q)
13

 , (2.6)
where c
(Q)
ij = cos θ
(Q)
ij and s
(Q)
ij = sin θ
(Q)
ij , and VMNS is obtained by exchanging Q↔ L.
Let us decompose WGUT by using the standard model fields. We embed the standard
model fields into the GUT fields as
ΨABi =
(
V †KMΘˆ
†
Qǫ
αβγU¯γ −Qαa
Qαa −ΘˆLǫabE¯
)
, ΦiA =
(
D¯α
Θˆ†LǫabL
b
)
, (2.7)
where Qi(3, 2)1/6, U¯i(3¯, 1)−2/3, D¯i(3¯, 1)1/3, Li(1, 2)−1/2 and E¯i(1, 1)1 are quark and lepton
fields in i-th generation with SU(3)C×SU(2)L×U(1)Y quantum numbers as indicated. Here
α, β, γ represent SU(3)C indices and a, b are SU(2)L indices. With this embedding, WGUT at
the GUT scale becomes
WGUT = WSSM − 1
2
Qi[V
T
KMΘˆQYˆUVKM]ijQjHC − E¯i[ΘˆLYˆU ]ijU¯jHC + U¯i[Θˆ†QV ∗KMYˆD]ijD¯jH¯C
−Qi[YˆDΘˆL]ijLjH¯C +Ni[YˆNV TMNSΘˆL]ijD¯jHC , (2.8)
where HC and H¯C are colored Higgs fields, and low energy superpotential is given as
WSSM = HuU¯i[YˆUVKM]ijQj +HdD¯i[YˆD]ijQj +HdE¯i[YˆE]ijLj
+Ni[YˆNV
T
MNS]ijLjHu +
1
2
MνRNiNi. (2.9)
Notice that the phase matrices ΘˆQ,L do not appear in Eq.(2.9). Hence these phases ϕ
(Q,L)
i
are independent of the CP phase in the KM matrix. As we will show later, GUT phases
ϕ
(L)
i can have important implications to CP violations in the kaon system. Although simple
SU(5) GUT predicts YˆD = YˆE at the GUT scale, this relation is unrealistic for the first
and second generations. In order to explain realistic fermion mass pattern, some new flavor
physics are necessary. Although these new physics can provide extra source of flavor and
CP violations [18, 19, 20], we do not consider these effects in this paper.
With the superpotential given in Eq.(2.9), the left-handed neutrino mass matrix is gen-
erated by the seesaw mechanism,
[mνL ]ij =
〈Hu〉2
MνR
[VMNSYˆ
2
NV
T
MNS]ij =
v2 sin2 β
2MνR
[VMNSYˆ
2
NV
T
MNS]ij , (2.10)
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where v ≃ 246 GeV and tanβ is the ratio of two Higgs vacuum expectation values. In
our analysis, we use the masses and mixing angles of neutrinos suggested by solar and
atmospheric neutrino data. Atmospheric neutrino data [7] at Super-Kamiokande implies
that νµ − ντ mixing is almost maximal, hence we set s(L)23 ≃ 1/
√
2. As for νe − νµ mixing,
we consider large and small angle MSW solutions to the solar neutrino problem[21].#4 For
large angle MSW solution, we use
mν ≃ (0, 0.004eV, 0.03eV), VMNS ≃

 0.91 −0.42 ≪ 1−0.30 0.64 0.71
0.30 −0.64 0.70

 , (2.11)
and for small angle MSW solution,
mν ≃ (0, 0.003eV, 0.03eV), VMNS ≃


1.0 0.040 ≪ 1
−0.028 0.70 0.71
0.028 −0.71 0.70

 . (2.12)
[VMNS]13 is small as indicated by CHOOZ experiment [22]. In our analysis we set [VMNS]13 = 0
unless otherwise stated. Nonzero value of [VMNS]13 can affect our result, especially for the
small angle MSW case as we will discuss later.
In our basis, Yukawa matrices for down-type quarks and charged leptons are diagonal at
the GUT scale. Their diagonalities do not hold at the weak scale because of renormalization
group (RG) effects. However these effects are minor for our discussion and D¯i and Li fields
in Eq.(2.9) are mass eigenstates with good accuracy. Hence it is very useful to use this basis
to see the flavor violations in K and B meson system caused by the right-handed neutrinos.
Although mass matrices of down-type quarks and charged leptons are diagonal in our
basis, down-type squark mass matrix may have flavor violating off-diagonal elements. The
soft SUSY breaking terms for scalar fields are given by
VGUT =
1
2
ψ˜i[m
2
10]ijψ˜
†
j + φ˜
†
i [m
2
5]ijφ˜j + n˜i[m
2
N ]ijn˜
†
j +m
2
Hh
†h +m2H¯ h¯
†h¯
+
1
8
ψ˜i[AU ]ijψ˜jh+ ψ˜i[AD]ijφ˜j h¯+ n˜i[AN ]ijφ˜jh, (2.13)
where ψ˜i, φ˜i, n˜i, h and h¯ are scalar components of the superfields Ψi, Φi, Ni, H and H¯ ,
respectively. Soft SUSY breaking terms for the low energy effective theory below the GUT
scale are given by
VSSM = q˜
†
i [m
2
Q]ij q˜j +
˜¯di[m
2
D]ij
˜¯d
†
j + ˜¯ui[m
2
U ]ij ˜¯u
†
j + l˜
†[m2L]ij l˜j + ˜¯ei[m
2
E ]ij˜¯e
†
j + n˜[m
2
N ]n˜
†
j
+hu˜¯ui[Au]ij q˜j + hd
˜¯di[Ad]ij q˜j + hd˜¯ei[Ae]ij l˜j + hun˜i[An]ij l˜j, (2.14)
#4 There are other solutions to the solar neutrino problem, LOW, vacuum and Just-So solutions. In these
solutions, second generation neutrino mass is smaller than that in large or small angle MSW solutions.
mν2 ∼ 3 × 10−4eV, 1.2 × 10−5eV and 2 × 10−6eV for LOW, vacuum and Just-So solutions, respectively.
When we impose perturbativity of yn3 , yn2 is very small because of the universality of MN . Therefore when
s
(L)
13 = 0, flavor violation for the kaon system is too small to be observed. So we do not discuss the three
cases. But if MN is not universal or s
(L)
13 is nonzero, the situation may change.
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where q˜i, ˜¯ui,
˜¯di, l˜i, ˜¯ei, n˜i hu and hd are scalar components of the superfields Qi, U¯i, D¯i,
Li, E¯i, Ni, Hu and Hd, respectively. With the embedding Eq.(2.7) the above scalar mass
matrices at the GUT scale are given by
m2Q = m
2
10
T
, m2U = Θˆ
†
QV
∗
KMm
2
10V
T
KMΘˆQ, m
2
D = m
2
5
T
,
m2L = ΘˆLm
2
5Θˆ
†
L, m
2
E = ΘˆLm
2
10Θˆ
†
L. (2.15)
We are particularly interested in the RG effect on the off-diagonal elements of the
sfermion mass matrices. Thus, in our analysis, we use the boundary condition of the mini-
mal supergravity model. Then, the SUSY breaking parameters at the reduced Planck scale
M∗ ≃ 2.4× 1018GeV are give by
m210(M∗) = m
2
5(M∗) = m
2
N(M∗) = m
2
01,
AU(M∗) = a0YU(M∗), AD(M∗) = a0YD(M∗), AN (M∗) = a0YN(M∗),
M1(M∗) = M2(M∗) = M3(M∗) =M1/2, (2.16)
where M1, M2 and M3 are SUSY breaking masses of U(1)Y , SU(2)L and SU(3)C gauginos,
respectively. Importantly, sfermion masses are universal at the reduced Planck scale. Below
the Planck scale M∗, however, off-diagonal elements of scalar mass matrices are generated
by the RG effect and sizable CP and flavor violations may be possible. Of course, if there
are tree-level off-diagonal elements of the sfermion mass matrices at the scale M∗, they may
affect the rates of the CP and flavor violating processes. However, it is fairly unnatural
to assume cancellations between the tree-level and RG contributions to the off-diagonal
elements. Thus, we believe our approach will give us a conservative estimation of the rate
of the CP and flavor violating processes unless some accidental cancellation happens.
First we see lepton flavor violation. In the presence of the right-handed neutrinos, Hu −
N − L interaction, the fourth term in Eq.(2.9), violates lepton flavor. Although the right-
handed neutrinos are very heavy, this interaction affects the RG evolution of slepton mass
matrix and generates off-diagonal elements of m2L at the weak scale. Such an effect can be
probed by µ→ eγ, τ → µγ, µ− e conversion, and so on [23, 24, 25].#5
Since down-type quarks and charged leptons belong to the same representation of SU(5),
flavor of down-type quarks is also violated via the right-handed neutrino Yukawa interaction
[28, 10, 11]. Indeed interaction among N , D¯ and HC (the last term of Eq.(2.8)) induces off-
diagonal elements of the right-handed down-type squark mass matrix, which are evaluated
with the one iteration approximation as
[m2D]ij ≃
1
8π2
(3m20 + a
2
0)e
i(ϕ
(L)
i
−ϕ
(L)
j
)
∑
k
yn
2
k[VMNS]ik[V
∗
MNS]jk log
MGUT
M∗
(i 6= j). (2.17)
Notice that the size of the off-diagonal elements is determined by the parameters in the
neutrino sector, i.e., neutrino Yukawa coupling and VMNS. In addition these elements depend
#5In the GUT framework, lepton flavor is violated by interaction with colored Higgs. Such a effect have
been studied in [19, 26, 27]
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on phase ϕ
(L)
i − ϕ(L)j . Hence flavor violation and new phases caused by the right-handed
neutrino affect flavor and CP violations in the quark sector. In this paper we focus on kaon
system to investigate such effects.
In order to discuss flavor violation, it is useful to introduce the following variable which
is off-diagonal elements of m2D normalized by squark mass scale mq˜,
∆
(R)
ij ≡
[m2D]ij
m2q˜
=
[m2D]ij
[m2D]11
. (2.18)
Here we choose the first generation down-type squark mass as squark mass scale, which is
approximately estimated as [m2D]11 ≃ m20 + 7.1M21/2 in our model. Using s(L)23 ≃ 1/
√
2 and
(s
(L)
13 )
2 ≪ 1, ∆(R)12 is approximately estimated as
∆
(R)
12 ≃ 5.5× 10−4
×
(
MνR
1014GeV
)(
mν2
0.004eV
)
ei(ϕ
(L)
1 −ϕ
(L)
2 )
sin2 β
3m20 + a
2
0
m2q˜
(
s
(L)
12 c
(L)
12 +
mν3
mν2
s
(L)
13
)
.(2.19)
From the equation, we find that the flavor violation is enhanced for largerMνR. It reflects one
characteristic feature of the seesaw mechanism, yni ∝
√
MνR with fixed left-handed neutrino
mass.
∆
(R)
12 is sensitive to the neutrino mixing angles. First we discuss s
(L)
13 = 0 case. For the
large angle MSW solution, ∆
(R)
12 is not suppressed by mixing angle because s
(L)
12 c
(L)
12 ∼ 1/2.
On the other hand, ∆
(R)
12 is suppressed by the factor s
(L)
12 c
(L)
12 ∼ 0.04 for the small angle
MSW case. Hence, for fixed MνR, amplitudes for flavor violating processes in the large angle
MSW case are larger than those in the small angle case by one order of magnitude. Next
we consider an effect of finite s
(L)
13 . Since mν3/mν2 ∼ 10, the effect becomes important when
s
(L)
13
>∼ 0.04 for the large angle MSW case, and s(L)13 >∼ 0.004 for the small angle MSW case.
Therefore improvement of the upper bound on s
(L)
13 can have impact on the quark sector
flavor and CP violations, especially for the small angle MSW case, in our model.
Off-diagonal elements of the left-handed squark mass matrix are generated by quark
flavor mixing via VKM,
[m2Q]ij =
1
8π2
(3m20 + a
2
0)y
2
t [VKM]
∗
3i[VKM]3j
(
3 log
MGUT
M∗
+ log
Mweak
MGUT
)
(i 6= j). (2.20)
As in the d˜R sector, we introduce the following variable
∆
(L)
ij ≡
[m2Q]ij
m2q˜
. (2.21)
∆
(L)
12 is approximately given by
∆
(L)
12 ≃ 1.6× 10−4
1
sin2 β
3m20 + a
2
0
mq˜
eiφ1 . (2.22)
Comparing the above expression to Eq.(2.19), we find that ∆
(R)
12 dominates over ∆
(L)
12 when
MνR
>∼ 1014 GeV.
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3 Numerical Results
3.1 ǫ and ∆mK
In this subsection we discuss effects of the right-handed neutrinos on the ∆S = 2 processes.
The effective Hamiltonian for the ∆S = 2 processes is given by
Heff =
3∑
i=1
[CL,i(µ)QL,i(µ) + CR,i(µ)QR,i(µ)] +
5∑
i=4
Ci(µ)Qi(µ), (3.1)
where operators are
QL,1 = 4(d¯αγµPLsα)(d¯βγµPLsβ),
QL,2 = 4(d¯αPLsα)(d¯βPLsβ),
QL,3 = 4(d¯αPLsβ)(d¯βPLsα),
Q4 = 4(d¯αPLsα)(d¯βPRsβ),
Q5 = 4(d¯αPLsβ)(d¯βPRsα), (3.2)
and the operators QR,i (i = 1−3) are obtained from QL,i by exchanging L↔ R. Here α and
β are color indices. In order to calculate ∆mK and ǫ, we take account of QCD correction
to the Wilson coefficients, and using formulae for the leading-order QCD correction given in
[29], the matrix element of the effective Hamiltonian at µc = 1.3 GeV is given as
〈K0|Heff |K¯0〉 = η1 [C1,L + C1,R] 2
3
m2Kf
2
K
+
[
η4C4 +
1
3
(η4 − η5)C5
] [
1
12
+
1
2
(
mK
ms +md
)2]
m2Kf
2
K
+η5C5
[
1
4
+
1
6
(
mK
ms +md
)2]
m2Kf
2
K , (3.3)
where we used vacuum saturation approximation to calculate matrix elements, and the QCD
correction factors are:
η1 =
(
αs(mb)
αs(mc)
)6/25 (
αs(mW )
αs(mb)
)6/23
≃ 0.77, (3.4)
and η4 = η
−4
1 ≃ 2.8 and η5 = η1/21 ≃ 0.88.
With this matrix element, ǫ and ∆mK are given by
ǫ =
eiπ/4Im〈K0|Heff |K¯0〉
2
√
2mK∆mK
, (3.5)
∆mK =
1
mK
|〈K0|Heff |K¯0〉|. (3.6)
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There are four kinds of the SUSY contributions to the effective Hamiltonian, 1) gluino
mediated, 2) chargino mediated, 3) gluino-neutralino mediated and 4) neutralino mediated.
Among them, gluino mediated O(α2s) contribution dominates over the others in our model.
Hence for a while we concentrate on the gluino contribution for an intuitive discussion. At
the scale where SUSY particles are integrated out, Wilson coefficients are given in terms of
mass insertion (MI) parameters as follows [30]:
C˜L,1|G˜MI =
4π2
9
α2s
(
∆
(L)
12
)2
m4q˜ [4m
2
G˜I
0
6 (m
2
G˜, m
2
G˜, m
2
q˜ , m
2
q˜, m
2
q˜ , m
2
q˜)
+11I16 (m
2
G˜
, m2
G˜
, m2q˜ , m
2
q˜, m
2
q˜ , m
2
q˜)], (3.7)
C˜R,1|G˜MI =
4π2
9
α2s
(
∆
(R)
12
)2
m4q˜ [4m
2
G˜I
0
6 (m
2
G˜, m
2
G˜, m
2
q˜, m
2
q˜ , m
2
q˜, m
2
q˜)
+11I16 (m
2
G˜
, m2
G˜
, m2q˜ , m
2
q˜, m
2
q˜ , m
2
q˜)], (3.8)
C˜4|G˜MI =
16π2
3
α2s
(
∆
(L)
12
) (
∆
(R)
12
)
m4q˜ [7m
2
G˜
I06 (m
2
G˜
, m2
G˜
, m2q˜ , m
2
q˜, m
2
q˜ , m
2
q˜)
−I16 (m2G˜, m2G˜, m2q˜ , m2q˜, m2q˜ , m2q˜)], (3.9)
C˜5|G˜MI =
16π2
9
α2s
(
∆
(L)
12
) (
∆
(R)
12
)
m4q˜ [m
2
G˜I
0
6 (m
2
G˜, m
2
G˜, m
2
q˜ , m
2
q˜, m
2
q˜ , m
2
q˜)
+5I16 (m
2
G˜
, m2
G˜
, m2q˜ , m
2
q˜, m
2
q˜ , m
2
q˜)], (3.10)
where the function IND is defined in the Appendix D. Since flavor violating left-right mixing
is very small, so are C˜L,2|G˜MI, C˜R,2|G˜MI, C˜L,3|G˜MI, C˜R,3|G˜MI. Therefore we neglect them in the
following rough estimation. Although these coefficients are suppressed by 1/m2q˜, they can
be comparable to the SM contributions since they are O(α2s) while the SM contributions are
O(α22). Notice that contributions from operators QR,1, Q4 and Q5 are sizable only when
flavor in d˜R sector is violated.
The flavor and CP violations in d˜R sector have important implication to ∆mK and ǫ
because the matrix elements of the LR type operators Q4 and Q5 are enhanced by the factor
(mK/ms)
2 ∼ 10. In addition the Wilson coefficient of the operator Q4 at µc is enhanced
by the QCD correction factor η4. Hence contribution from the operator Q4 dominates over
the other SUSY contributions when ∆
(L)
12 and ∆
(R)
12 are comparable. This is the case for
the minimal SU(5) GUT with the right-handed neutrinos, and we shall see that SUSY
contribution to ǫ can be as large as the experimental value. In the absence of the right-
handed neutrinos, the LR type operators do not exit, and SUSY contribution to ǫ and ∆mK
is more suppressed.
Before showing numerical results, let us discuss how ǫ and ∆mK depend on model pa-
rameters. To obtain approximate formula, we consider only the contribution from Q4 since
this operator has the most important effect. In addition, for simplicity, we consider the
case where the gluino is as heavy as squarks, Then SUSY contributions to ǫ and ∆mK are
estimated as
ǫSUSY ≃ 3× 10−3eiπ/4
(
1TeV
mq˜
)2 (
MνR
1014GeV
)(
mν2
0.004eV
)(
s
(L)
12 c
(L)
12 +
mν3
mν2
s
(L)
13
)
8
×
sin
(
ϕ
(L)
1 − ϕ(L)2 + φ1
)
sin4 β
, (3.11)
∆mSUSYK ≃ 2× 10−14MeV
(
1TeV
mq˜
)2 (
MνR
1014GeV
)(
mν2
0.004eV
)
× 1
sin4 β
(
s
(L)
12 c
(L)
12 +
mν3
mν2
s
(L)
13
)
. (3.12)
From the above estimation, we find that ǫSUSY can be as large as experimental value ǫexp =
(2.271± 0.017)× 10−3 [17] if MνR >∼ 1014GeV, for mq˜ ≃ 1TeV. On the other hand ∆mSUSYK
is much smaller than the experimental value ∆mexpK = (3.489 ± 0.008) × 10−12MeV [17]
unless MνR is larger than about 10
15 GeV. We do not consider such a large right-handed
neutrino scale since the neutrino Yukawa coupling [YN ]33 blows up below the Planck scale for
MνR
>∼ 2×1015GeV. Hence the CP violation in d˜R sector can affect ǫ and does not contradict
to ∆mK measurement.
Now we show our numerical results. In the numerical calculation not only the gluino
contribution, but also other contributions with chargino and neutralino propagators are
included. Furthermore contributions from all eight operators shown in Eq.(3.1) are taken
into account. Numerically we checked that the gluino contribution through the operator Q4
is dominant SUSY contribution.
In Fig. 1, we show ǫSUSY on mq˜ vs. ϕ
(L)
1 − ϕ(L)2 + φ1 plane for large angle MSW solution
with MνR = 3 × 1014GeV, tan β = 3, M2 = 150GeV and a0 = 0. From the figure, we
find that ǫSUSY is maximized at ϕ
(L)
1 − ϕ(L)2 + φ1 ≃ π/2, as suggested by the approximation
Eq.(3.11). Notice that heavy Majorana neutrino mass and large mixing angle induce large
lepton flavor violation in e and µ sector as well in our model. Since such lepton flavor
violation is most severely constrained by µ → eγ, we also calculate Br(µ → eγ) assuming
YˆD = YˆE at the GUT scale as the simple SU(5) model predicts. For the above parameters,
Br(µ→ eγ) is larger than the experimental upper limit 1.2× 10−11 unless mq˜ >∼ 980GeV as
shown in Fig. 1. ǫSUSY does not depend on tan β so much. On the other hand, the constraint
gets severer for larger tan β since the amplitude for µ→ eγ is almost proportional to tan β.
Notice that, even with relatively heavy squark mass of mq˜
>∼ 980 GeV which is consistent
with the µ→ eγ constraint, the SUSY contribution may be as large as (or even larger than)
the experimentally measured value. In addition, the µ → eγ constraint here is based on
the relation YˆD = YˆE at the GUT scale, this relation may be violated by some new flavor
physics which gives realistic fermion mass pattern for the first and second generations. Such
a mechanism can change the prediction for µ→ eγ branching ratio from that in the simple
SU(5) case [19, 18, 20]. Hence we should keep in mind that this constraint have uncertainty
stemming from nontrivial texture of the fermion mass matrices.
In Fig. 2 we show the dependence of ǫSUSY on squark mass mq˜ in the large angle MSW
case, forMνR = 5×1013, 1×1014, 2×1014 and 3×1014 GeV. As one can see from Eq.(3.11), the
higher the right-handed neutrino mass scale is, the larger ǫSUSY becomes. IfMνR
>∼ 1014 GeV,
ǫSUSY is comparable to the experimental value as estimated before. It is easy to understand
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Figure 1: Contour of |ǫSUSY| (in units of 10−3) on mq˜ vs. (ϕ(L)1 − ϕ(L)2 − φ1)/π plane for the
large angle MSW case (solid lines). We take M2 = 150GeV, MνR = 3 × 1014GeV, a0 = 0
and tanβ = 3. In the left side of the dashed line, Br(µ → eγ) is larger than experimental
limit 1.2× 10−11, provided that YˆD = YˆE at the GUT scale.
the dependence on mq˜. When m0 is large, ∆
(R) is also enhanced. On the other hand when
squarks become much heavier, they decouple from low energy physics and ǫSUSY gets smaller.
Hence, for M2 = 150 GeV corresponding to M3 ≃ 450 GeV, ǫSUSY takes the maximum value
at mq˜ ≃ 800 GeV and monotonously decreases for mq˜ >∼ 800 GeV.
The same dependence in small angle MSW solution is shown in Fig 3, forMνR = 1×1014,
2 × 1014 and 3 × 1014 GeV. Solid lines correspond to s(L)13 = 0 case. In this case ǫSUSY is
much smaller than that in large angle solution since s
(L)
12 is very small. However if s
(L)
13 is
nonzero, the situation changes drastically. Dashed lines show results with s
(L)
13 = 0.02. In
this case ǫSUSY is enhanced and can be comparable to ǫexp since mν3 is larger than mν2 by
one order of magnitude and s
(L)
32 is also large. As s
(L)
13 gets close to the current upper limit of
about 0.15, ǫSUSY becomes much larger.#6 Hence improvement of the limit on s
(L)
13 obtained
by reactor experiments is very important to discuss CP violation in the kaon system in our
model, especially for small angle case.
It is important to consider the implication of the SUSY contribution to ǫ to the KM
matrix since in the standard model, the ǫ parameter provides an important constraint on
the ρ vs. η plane. In the standard model, the ǫ parameter is given as (see, for example, [31])
ǫSM ≃ CǫBKA2λ6η
[
−η1S0(xc) + η3S0(xc, xt) + A2λ4(1− ρ)η2S0(xt)
]
eiπ/4, (3.13)
#6 The effect of finite s
(L)
13 on µ→ eγ has been discussed in [25].
10
00.002
0.004
0.006
0.008
0.01
600 800 1000 1200 1400
ε
m   [GeV]q∼
=3x10   GeV
exp
14
R
2x10   GeV
1x10   GeV
5x10   GeV
14
14
13
Mν
Figure 2: ǫSUSY in the large angle MSW case for MνR = 5 × 1013, 1 × 1014, 2 × 1014 and
3 × 1014GeV from the below. We take M2 = 150 GeV, a0 = 0, tan β = 3. The horizontal
dash-dotted line corresponds to experimental value ǫexp = 2.271× 10−3.
0
0.001
0.002
0.003
0.004
0.005
600 800 1000 1200 1400
ε
m   [GeV]q∼
exp
Figure 3: ǫSUSY in the small angle MSW case, for s
(L)
13 = 0 (solid line) and s
(L)
13 = 0.02 (dashed
line). In both cases, we choose MνR = 1 × 1014, 2× 1014 and 3× 1014 GeV from the below.
We take M2 = 150 GeV, a0 = 0 and tanβ = 3. The horizontal dash-dotted line corresponds
to experimental value ǫexp = 2.271× 10−3.
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where Cǫ = 3.78×104, η1 − η3 are parameters for the QCD factors given by η1 = 1.38±0.20,
η2 = 0.57± 0.01, and η3 = 0.47± 0.04, and Inami-Lim functions [32] S0(xc,t) and S0(xc, xt)
are given by
S0(xc,t) =
4xc,t − 11x2c,t + x3c,t
4(1− xc,t)2 −
3x3c,t log xc,t
2(1− xc,t)3 , (3.14)
S0(xc, xt) = xc
[
log
(
xt
xc
)
− 3xt
4(1− xt) −
3x2t log xt
4(1− xt)2
]
, (3.15)
with xc,t = m
2
c,t/m
2
W . In addition, we use BK = 0.75− 1.10 [17]. Comparing Eq. (3.13) with
the experimentally measured value of ǫ, a constraint on the ρ vs. η plane is derived in the
standard model.
If SUSY contribution to ǫ exists, such a constraint should be reconsidered. In particular,
as we have seen, ǫSUSY may be as large as the experimetally measured value of ǫ, and hence
the observed value of ǫ may have a significant amount of a contamination of ǫSUSY. Since the
size of ǫSUSY is model dependent and hence is unknown, we should disregard the constraint
from the ǫ parameter. Of course, the ρ vs. η plane is still constrained by other quantities
like |[VKM]ub/[VKM]cb| and ∆mBd , which are related to the parameters in the KM matrix as
|[VKM]ub/[VKM]cb| ≃ λ(ρ2 + η2)1/2, and
∆mBd ≃
G2F
6π2
ηBmBd(F
2
Bd
BBd)m
2
WS0(xt)A
6λ2
[
(1− ρ)2 + η2
]
, (3.16)
where FBd
√
BBd = (200± 40) MeV, and ηB = 0.55± 0.01 [31].
Importantly, the allowed region on the ρ vs. η plane changes as we exclude the constraint
from ǫ. Accordingly, possible size of the CP violation in the KM matrix, i.e., the η-parameter,
changes.
To make a more quiantitative discussion, we derived constraints on the ρ vs. η plane
comparing the standard model predictions on ǫ, |[VKM]ub/[VKM]cb| and ∆mBd with their
experimental values.#7 With and without the constraint from ǫ, we found the upper and
lower bounds on the η parameter become#8
0.26 ≤ η ≤ 0.48 : with ǫ, (3.17)
0.17 ≤ η ≤ 0.53 : without ǫ, (3.18)
where we assumed flat distributions of the uncertainties in various parameters given above,
and we adopted A = 0.834 ± 0.039 [17]. As one can see, the upper and lower bounds on
η changes by about 10 % and 35 %, respectively, if the constraint from ǫ is not taken into
account. This fact has important implications to future studies of CP violations using rare
processes like KL → π0νν¯, as will be discussed in the following subsection.
#7Upper bound on ∆mBs also provides another constraint. Inclusion of such information, however, does
not change the following result significantly, and hence we neglect it in our analysis.
#8For the case without ǫ, negative value of η is also allowed. However, η < 0 is strongly disfavored by the
BELLE and BABAR experiments [1, 2], and we do not consider such a case.
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3.2 KL → π0νν¯
In the future, we may have another interesting information of the CP violation via the rare
process KL → π0νν¯. In the standard model, this process is mostly a signal of direct CP
violation, and the amplitude for this mode is proportional to η. Most importantly, hadronic
contribution to KL → π0νν¯ is small, and short distance effects of QCD are well under
control [33]. Therefore, this mode is theoretically very clean. Although the branching ratio
for this process is very small, we may have substantial number of KL → π0νν¯ event in future
experiments [6], which may provide important test of the unitarity of the KM matrix. Due
to Ref. [6], the η parameter may be determined at 10 % accuracy.
This fact has an important implication to the search for the new physics. In the standard
model, the η parameter determined by KL → π0νν¯ should be consistent with that from other
constraints, in particular, that from ǫ. If the SUSY contribution to ǫ is sizable, however, this
may not be realized. Indeed, as discussed in the previous subsection, the upper and lower
bounds on η may vary by about 10 % and 35 %, respectively, if the constraint from ǫ is not
taken into account. Given the fact that η may be determined with the accuracy of 10 % [6],
measurement of η in the experiment of KL → π0νν¯ gives an important constraint on ρ vs. η
plane independetly with the measurement of ǫ.
Of course, the Wilson coefficients for KL → π0νν¯ may be directly affected by the SUSY
loops. Thus, we also calculated the SUSY correction to the KL → π0νν¯ process in our
framework.
There are penguin and box diagrams in SUSY loop corrections which induce KL →
π0νν¯. Effective operators are QνLL ≡ (d¯LγµsL)(ν¯LγννL) and QνRL ≡ (d¯RγµsR)(ν¯LγννL) with
corresponding Wilson coefficients CνLL and C
ν
RL. SUSY contributions to Wilson coefficients
are summarized in the Appendix B. For the process KL → π0νν¯, we found that the total
SUSY contribution to the Wilson coefficients is a few % of the SM contribution, and that the
SUSY contribution has distractive interference with the SM one in our model. As a result,
it is challenging to see this deviation in the experiments.
For reasonable choices of parameters, the dominant SUSY contributions are from chargino
and charged higgs penguin diagrams. Thus, the CP violating phase is controled by the phase
in the KM matrix since the SUSY contribution is approximatelhy proportional to the 1-2
element of the left-handed squark mass matrix. On the contrary, effects of the GUT phases
are tiny in KL → π0νν¯ because of the smalless of neutralino contribution which is, we
found, mostly 0.1 % level. Since the SUSY contributions to this mode are quite small to
be observed, useful information about the parameter η is expected from Br(KL → π0νν¯) in
our model.
3.3 ǫ′/ǫ
In supersymmetric models, the parameter ǫ′ can be also modified due to the supersymmetric
loop effects. In particular, in Ref. [34], it was pointed out that the SUSY contribution to ǫ′/ǫ
may become much larger than the experimental value, (ǫ′/ǫ)exp = (19.3 ± 2.4) × 10−4 [35],
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because of the significant modification of the ∆I = 3
2
amplitude contributing to ǫ′/ǫ.#9 As a
result, in some parameter space, ǫ′/ǫ provides severer constraint on CP and flavor violations
in the soft SUSY breaking parameters than the ǫ does, and hence one might worry if the
SUSY contribution to ǫ′/ǫ is in a reasonable range in our framework. In this subsection, we
discuss the SUSY contribution to ǫ′/ǫ.
Before discussing the supersymmetric effect on ǫ′/ǫ, let us first introduce several formulae
necessary to evaluate ǫ′/ǫ. The ǫ′/ǫ parameter is calculated once the Wilson coefficients for
the ∆S = 1 effective Hamiltonian are given. The ∆S = 1 effective Hamiltonian is denoted
as#10
H(∆S=1)eff =
∑
i
(
C
(∆S=1)
L,i Q(∆S=1)L,i + C(∆S=1)R,i Q(∆S=1)R,i
)
, (3.19)
where Ci are Wilson coefficients, and
Q(∆S=1)L,3 = 4(s¯αγµPLdα)
∑
q
(q¯βγµPLqβ), (3.20)
Q(∆S=1)L,4 = 4(s¯αγµPLdβ)
∑
q
(q¯βγµPLqα), (3.21)
Q(∆S=1)L,5 = 4(s¯αγµPLdα)
∑
q
(q¯βγµPRqβ), (3.22)
Q(∆S=1)L,6 = 4(s¯αγµPLdβ)
∑
q
(q¯βγµPRqα), (3.23)
Q(∆S=1)L,7 = 4(s¯αγµPLdα)
∑
q
eq(q¯βγµPRqβ), (3.24)
Q(∆S=1)L,8 = 4(s¯αγµPLdβ)
∑
q
eq(q¯βγµPRqβ), (3.25)
Q(∆S=1)L,9 = 4(s¯αγµPLdα)
∑
q
eq(q¯βγµPLqβ), (3.26)
Q(∆S=1)L,10 = 4(s¯αγµPLdβ)
∑
q
eq(q¯βγµPLqα), (3.27)
with PL/R =
1
2
(1∓γ5), α and β being the color indices, eq denoting the quark electric charge,
and Q(∆S=1)R,i ≡ Q(∆S=1)L,i |L↔R. Based on the structure of the operators, we call Q(∆S=1)L,i with
i = 3, 4, 9 and 10 (Q(∆S=1)R,i with i = 3, 4, 9 and 10) as LL-type (RR-type) operators while
others as LR- or RL-type operators.
In the standard model, the gluon-penguin diagram generates the operators Q(∆S=1)L,i with
i = 3 − 6, and hence their Wilson coefficients are of O(αWαs) where αW indicates the
coupling constants for the electroweak interaction. On the contrary, the operators Q(∆S=1)L,i
#9In SUSY models, ǫ′/ǫ can be also modified if the A-parameters for the down-type quarks are not aligned
to the down-type Yukawa matrix [36].
#10We use the suffix (∆S = 1) for the Wilson coefficients and operators for the ∆S = 1 effective Hamiltonian
to distinguish them from those for the ∆S = 2 effective Hamiltonian.
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with i = 7 − 10 are only from the electroweak processes and the corresponding Wilson
coefficients are of O(α2W). Although the Wilson coefficients contributing to the ∆I =
3
2
amplitude are smaller than those contributing to the ∆I = 1
2
one, both amplitudes are
significant since the ∆I = 3
2
contribution has extra enhancement factor.
From the effective Hamiltonian given in Eq. (3.19), ǫ′/ǫ is given by (see, for example,
[31])
ǫ′
ǫ
=
GFω
2|ǫ|ReA0
∑
i
ImC
(∆S=1)
L,i
[
(1− Ωηη′)〈(ππ)I=0|Q(∆S=1)L,i |K〉 −
1
ω
〈(ππ)I=2|Q(∆S=1)L,i |K〉
]
+(L→ R), (3.28)
where |(ππ)I〉 denotes the two-pion state with isospin I, and
ω ≡ ReA2
ReA0
, (3.29)
with
A0 ≡ 〈(ππ)I=0|Heff |K〉, A2 ≡ 〈(ππ)I=2|Heff |K〉. (3.30)
Numerically, ω ≃ 0.045. In addition, Ωηη′ is from the isospin breaking in the quark masses,
and numerically we use Ωηη′ = 0.25 [31]. Since ω is a small number, the ∆I =
3
2
contribution
in Eq. (3.28), which is proportional to ω−1, is enhanced relative to the ∆I = 1
2
contribution.
Now, let us consider the supersymmetric contribution to ǫ′/ǫ. In MSSM, the Wilson coef-
ficients for the ∆S = 1 effective Lagrangian are modified by integrating out supersymmetric
particles. (Formulae for the SUSY contribution to the Wilson coefficients are given in Ap-
pendix C.) With the SUSY contribution to the Wilson Coefficients given at the electroweak
scale, we can calculate ǫ′/ǫ using the same prescription as the SM case.
One important observation is that, in MSSM, ∆I = 3
2
contribution can be largely en-
hanced relative to the standard model case [34]. This is because the ∆I = 3
2
contribution
is, as mentioned before, of O(α2W) in the standard model while it can be of O(α
2
s ) in MSSM
if the mass matrix of the down-type squarks has non-vanishing 1-2 element. Combining the
fact that ∆I = 3
2
contribution is enhanced by the factor ω−1 ≃ 22, the SUSY contribution to
the ǫ′/ǫ parameter can be order of magnitude larger than the experimental value. Thus, in
some case, constraint on the CP and flavor violating parameters in MSSM from ǫ′/ǫ becomes
severer than that from ǫ.
As we will see below, the SUSY contribution to ǫ′/ǫ is relatively small in our frame-
work. Before showing the numerical results, let us explain how the the smallness of ǫ′/ǫ is
understood in our framework compared to the result given in Ref. [34].
As a first step, let us briefly review how the large SUSY contribution is realized in Ref.
[34]. The most important enhancement is for the the LR-type ∆I = 3
2
amplitude by the
factor of ∼ α2s/α2W relative to the SM contributions. The same enhancement also exists for
the LL- and RR-type operators. However, in taking the relevant matrix elements of the
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LR-type operators, there is a chirality-enhancement factor proportional to m2K/m
2
s ∼ 10,
and hence the LR-type operators are more important than the LL- and RR ones.
Since the ∆I = 3
2
amplitude is an isospin-breaking effect, a mass difference between
the up- and down-squark masses is necessary. For the right-handed up- and down-squarks,
significant mass splitting is realized if the SUSY breaking mass parameters for them take
different values. On the contrary, the left-handed ones are both from the SU(2)L-doublet.
As a result, their mass splitting is only from the electroweak symmetry breaking effect
(i.e., vacuum expectation values of the Higgs bosons), and the mass splitting between left-
handed squarks is too small to generate significant contribution to the isospin-breaking
amplitude. Thus, in order to generate LR-type operators, sizable 1-2 element of the left-
handed down-type squark mass matrix is necessary. In summary, the condition for the large
SUSY contribution to ǫ′/ǫ is (i) mass splitting of between u˜R and d˜R, and (ii) non-vanishing
imaginary part of [m2
d˜L
]12. Combining all of these effects, the SUSY contribution to ǫ
′/ǫ can
be as large as 10−2 when Im([m2
d˜L
]12/m
2
d˜
) ∼ 10−2.
Now, we turn to our case. In our framework, large off-diagonal elements are generated
for the right-handed down-type squark mass matrix since they are related to the neutrino
Yukawa interactions. Since sizable mass splitting between up- and down-type squarks is
possible only for the right-handed sector, only the RR-type contribution is modified for the
∆I = 3
2
process, and hence the chirality enhancement is not significant for ∆I = 3
2
process.
In addition, if we take the universal boundary condition for the squark masses, mass splitting
between u˜R and d˜R is fairly small. As a result, correction to the ∆I =
3
2
amplitude becomes
small.
To make more quantitative discussion, we calculate the SUSY contributions to the ∆I = 1
2
and ∆I = 3
2
part of ǫ′/ǫ. In our analysis, we followed the prescription given in Ref. [31] to
calculate the SUSY contribution to ǫ′/ǫ. We first calculate the SUSY contribution to the
Wilson coefficients at the electroweak scale. Then, we run them down to the charm quark
mass scale using the relevant RGEs and took the matrix elements. The resultant SUSY
contribution is linear in the Wilson coefficients, and numerically we found
(ǫ′/ǫ)SUSY =
∑
i
NiIm
[
C˜
(∆S=1)
L,i (µ = mW ) + C˜
(∆S=1)
R,i (µ = mW )
]
, (3.31)
where C˜
(∆S=1)
L,i and C˜
(∆S=1)
R,i are SUSY contribution to the corresponding Wilson coefficients,
and the numerical values for Ni are given in Table 1.
First, we present the SUSY contribution to the ∆I = 1
2
and ∆I = 3
2
part of ǫ′/ǫ normal-
ized by the standard model ones:
R1/2 ≡
(ǫ′/ǫ)SUSY∆I=1/2
(ǫ′/ǫ)SM∆I=1/2
, R3/2 ≡
(ǫ′/ǫ)SUSY∆I=3/2
(ǫ′/ǫ)SM∆I=3/2
. (3.32)
In Figs. 4 and 5, we plot contours of constant R1/2 and R3/2 on mq˜ vs. ϕ
(L)
1 −ϕ(L)2 plane for
the case of the large angle MSW. Here, we take MνR = 3× 1014 GeV, and tanβ = 3. As one
can see, the SUSY contribution is at most a few % of the standard model contribution for
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Figure 4: Contours of constant R1/2 in units of 10
−2, which is (ǫ′/ǫ)SUSY∆I=1/2 normalized by
the standard model contribution. Here, we consider the large angle MSW case and take
MνR = 3× 1014 GeV, tan β = 3, and ms = 0.13 GeV.
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Figure 5: Contours of constant R3/2 in units of 10
−2, which is (ǫ′/ǫ)SUSY∆I=3/2 normalized by
the standard model contribution. Here, we consider the large angle MSW case and take
MνR = 3× 1014 GeV, tan β = 3, and ms = 0.13 GeV.
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ms 0.11 GeV 0.13 GeV 0.15 GeV
N3 6.64× 104 8.92× 105 1.42× 106
N4 −9.98× 106 −9.01× 106 −8.39× 106
N5 1.44× 107 1.07× 107 8.29× 106
N6 4.30× 107 3.22× 107 2.52× 107
N7 8.28× 108 5.97× 108 4.49× 108
N8 2.60× 109 1.89× 109 1.43× 109
N9 9.08× 106 1.10× 107 1.23× 107
N10 2.32× 106 3.46× 106 4.19× 106
Table 1: Coefficients Ni in units of GeV
2 for the fitting formula of the ǫ′/ǫ parameter. We
use the bag parameters given in Ref. [31], and ms = 0.11, 0.13, and 0.15 GeV.
the ∆I = 1
2
part, and ∼ 10 % for the ∆I = 3
2
one. It is notable that, in our simple analysis,
universal scalar mass is assumed as a boundary condition. Consequently, mass splitting
between the right-handed up- and down-type squarks becomes small since the masses of
these squarks are mostly determined by the boundary condition and the RG effect due to
the gluino loop below the GUT scale which are universal in this case. As a result, masses of
the right-handed up- and down-type squarks are quite degenerate, and this fact gives another
suppression factor for the ∆I = 3
2
contribution. Since the contributions to the ∆I = 1
2
and
∆I = 3
2
amplitudes are both small, the SUSY contribution to the ǫ′/ǫ parameter is also at
most a few % level in our framework.
4 Conclusions and Discussion
In this paper, we discussed CP violations in the supersymmetric SU(5) model with right-
handed neutrinos. In this class of model, off-diagonal elements of the right-handed down-type
squarks are generated via the RG effect even if they vanish at the cut-off scale (i.e., in our
case, the reduced Planck scale). In general, such off-diagonal elements contain CP violating
phases and they can be extra sources of the CP violations in the low-energy processes.
In particular, it was emphasized that such phases can be related to phases in the unified
theories, which are not related to the parameters in the standard model.
We paid particular attentions to the CP violations in the kaon system. Most importantly,
we have seen that the ǫ parameter can be severely affected by the SUSY contribution; even
with a relatively heavy squark mass of ∼ 1 TeV, the SUSY contribution to ǫ can be as large
as the experimentally measured value if the Majorana mass for the right-handed neutrinos
is as large as ∼ 1014 GeV. Of course, the SUSY contribution to ǫ strongly depends on the
phases in the off-diagonal elements of the squark mass matrix. As we have seen, the phases
in these parameters can be naturally large due to the phases in the GUT model.
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We have also calculated the SUSY contribution to Br(KL → π0νν¯) and ǫ′/ǫ. Unfor-
tunately, however, the SUSY contributions to these quantities are relatively small. In our
framework, SUSY contribution to Br(KL → π0νν¯) is a few %, and the SUSY contribution
to ǫ′/ǫ is also a few % level of the standard model one.
Thus, in our framework, the SUSY contribution is the most important for the ǫ parameter.
This fact has an important implication to the future test of the unitarity of the KM matrix,
since ǫ provides one of the important information of the magnitude of the CP violation in the
KM matrix in the standard model. In the standard model, the so-called ρ vs. η plane was
constrained so that the standard-model prediction of the ǫ parameter agrees with observed
one. If the SUSY contribution to ǫ is sizable, however, ǫ cannot be used to constrain the ρ vs.
η plane, which may change the bounds on ρ and η. We have seen that the upper and lower
bounds on the η parameter changes by about 10 % and 35 %, respectively, if we discard the
constraint from η. The deviation from the standard-model prediction on η may be tested by
future experiments. In particular, the measurements of φ1 and Br(KL → π0νν¯) will provide
an interesting test of the value of η. Notice that there are still sizable uncertainties in the
theoretical calculation of the ǫ parameter, in particular from the bag parameter in taking the
hadronic matrix elements and from the Wolfenstein’s A-parameter in the KM matrix. Thus,
reduction of the uncertainties in these quantities will be very important to find a signal of
the SUSY loop using the ǫ parameter.
Note Added: In finalizing this paper, we found a paper by S. Baek et al. [37] which
has some overlap with our analysis. In particular, in [37], authors paid special attention to
non-minimal contribution to the Yukawa matrices at the GUT scale in order to realize a
realistic unification of the down-type and charged-lepton Yukawa matrices.
Acknowledgment: One of the authors (TM) would like to thank H. Murayama for useful
conversations. The work of Y.K. is supported by the Japan Society for the Promotion of
Science. The work of T.M. is supported by the Grant-in-aid from the Ministry of Education,
Culture, Sports, Science and Technology, Japan, No.12047201.
A Interaction Lagrangian
In this section, we show the interaction Lagrangian used in this paper. Relevant terms in our
calculation are the vertices for charginos, neutralinos and gluinos with squarks and quarks.
At first, we begin relation between gauge and mass eigenstates and mixing matrix, which
make mass matrix diagonalized.
The mass and gauge eigenstates for squarks are denoted with q˜A (A = 1, · · · , 6), q˜iL/R
(i = 1, 2, 3, label for generation), respectively. Then the relations between gauge and mass
eigenstates are given by:
q˜iL = [U(q˜)]iAq˜A, q˜iR = [U(q˜)](i+3)Aq˜A, (A.1)
where U(q˜) is a 6× 6 unitary matrix which diagonalize squark mass matrix M2q˜,
[U †(q˜)M2q˜U(q˜)]AB = m2q˜AδAB. (A.2)
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Relation between gauge and mass eigenstate for charginos and neutralinos are given by
[
W˜−L
H˜−1L
]
i
= [U(χ˜−L )]iX χ˜
−
X L, (A.3)[
W˜−R
H˜−2R
]
i
= [U(χ˜−R)]iX χ˜
−
X R, (A.4)


B˜L
W˜ 3L
H˜01L
H˜02L


i
= [U(χ˜0)]iXχ˜
0
X L, (A.5)
where U(χ˜−L/R) and U(χ˜
0) are 2×2 and 4×4 unitary matrices which diagonalize mass matrix
for charginos and neutralinos, respectively. Diagonalization of mass matrices gives masses
of charginos mχ˜−
X
and neutralinos mχ˜0
X
,
[U †(χ˜−R)Mχ˜−U(χ˜−L)]XY = mχ˜−
X
δXY , [U
†(χ˜0)Mχ˜0U(χ˜0)]XY = mχ˜0
X
δXY , (A.6)
For quarks, we chose the basis in which the mass eigenstates (u, d) and gauge eigenstates
(u′, d′) are related as d′L = dL, u
′
L = VKM uL, u
′
R = uR and d
′
R = dR.
The interaction Lagrangian for chargino-quark-squark couplings are given by
Lχ˜−du˜ = ¯˜χ
−
X
(
CLdAXPL + C
R
dAXPR
)
du˜∗A
+uT (−C†)
(
CLuAXPL + C
R
uAXPR
)
χ˜−X d˜
∗
A + h.c., (A.7)
where C is the charge conjugation matrix, PL/R =
1
2
(1∓ γ5), and u and d denote up-type
(u, c, t) and down-type (d, s, b) quarks, respectively. CL,RqAX are given by
CLdAX = −g2[U∗(χ˜−R)]1X [U∗(u˜)]dA + [U∗(χ˜−R)]2X
3∑
j=1
[U∗(u˜)](3+j)A[YˆUVKM]jd, (A.8)
CRdAX = −[U∗(χ˜−L)]2X [U∗(u˜)]dA[YˆD]d, (A.9)
CLuAX = −g2[U(χ˜−L )]1X
3∑
j=1
[U∗(d˜)]jA[V
∗
KM]uj
−[U(χ˜−L )]2X
3∑
j=1
[U∗(d˜)](3+j)A[YˆD V
†
KM ]ju, (A.10)
CRuAX = [U(χ˜
−
R)]2X
3∑
j=1
[U∗(d˜)]jA[V
†
KM Yˆ
†
U ]ju, (A.11)
where g2 is the gauge coupling constant of SU(2)L, and u, d = (1, 2, 3) for (u, c, t) and (d, s, b),
respectively.
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Neutralino-quark-squark coupling couplings are given by
Lχ˜0dd˜ = ¯˜χ0X
(
NLdAXPL +N
R
iAXPR
)
dd˜∗A
+¯˜χ
0
X
(
NLuAXPL +N
R
uAXPR
)
uu˜∗A + h.c., (A.12)
where
NLdAX =
(
−
√
2g1
6
[U(χ˜0)]1X +
√
2g2
2
[U(χ˜0)]2X
)
[U∗(d˜)]dA
+[U(χ˜0)]3X [U
∗(d˜)](d+3)A[YˆD]d, (A.13)
NRdAX = −
√
2g1
3
[U∗(χ˜0)]1X [U
∗(d˜)](d+3)A + [U
∗(χ˜0)]3X [U
∗(d˜)]dA[Yˆ
†
D]d, (A.14)
NLuAX =
(
−
√
2g1
6
[U(χ˜0)]1X −
√
2g2
2
[U(χ˜0)]2X
)
[U∗(u˜)]uA
−[U(χ˜0)]4X
3∑
j=1
[U∗(u˜)](j+3)A[YˆUVKM]ju, (A.15)
NRuAX =
2
√
2g1
3
[U∗(χ˜0)]1X [U
∗(u˜)](u+3)A
−[U∗(χ˜0)]4X
3∑
j=1
[U∗(u˜)]jA[V
†
KMYˆ
†
U ]ju, (A.16)
with g1 being the gauge coupling constant of U(1)Y .
The interaction Lagrangian for gluino-quark-squark coupling is given by
LG˜qq˜ = d˜
∗
A
¯˜GaT a
(
GLdAPL +G
R
dAPR
)
d
+u˜∗A
¯˜GaT a
(
GLuAPL +G
R
uAPR
)
u+ h.c., (A.17)
where
GLdA = −
√
2gs[U
∗(d˜)]iA, (A.18)
GRdA =
√
2gs[U
∗(d˜)](i+3)A, (A.19)
GLuA = −
√
2gs
3∑
j=1
[U∗(u˜)]jA[V
∗
KM]ju, (A.20)
GRuA =
√
2gs[U
∗(u˜)](u+3)A, (A.21)
with gs being the gauge coupling constant of SU(3)C . Here we take soft-breaking mass
parameter of gauginos as real positive.
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B SUSY Contribution to KL → π0νν¯
In this appendix, we show the SUSY contribution to the Wilson coefficient of effective
operators for KL → π0νν¯.
There are sets of SUSY loop diagrams in which charged-Higgs, charginos and neutralinos
are exchanged, which induce effective operators
QνLL ≡ (d¯γµPLs)(ν¯γµPLν), QνRL ≡ (d¯γµPRs)(ν¯γµPLν). (B.1)
The Wilson coefficients of corresponding operators are referred to CνLL and C
ν
RL, respectively.
The effective Hamiltonian is given by Heff = (CZP,νLL + CBox,νLL )QνLL + (CZP,νRL + CBox,νRL )QνRL.
In the following, each SUSY contribution of charged-Higgs, charginos and neutralinos are
separately shown for Z-penguin diagrams,
C˜ZP,νLL |H
−
=
g2Z
2M2Z
m2u
(
T 3uR − T 3uL
)
HLud
∗
HLusI
0
3
(
m2u, m
2
u, m
2
H−
)
(B.2)
C˜ZP,νLL |χ˜
−
=
g2Z
8M2Z
CL∗dAXC
L
sBY
×
{
δXY

 3∑
j=1
[U∗(u˜)]jA[U(u˜)]jB − δAB
(
1 + 2T 3dL
) I13 (m2χ˜−
X
, m2u˜A, m
2
u˜B
)
+δAB
[
2mχ˜−
X
mχ˜−
Y
[U∗(χ˜−L)]1X [U(χ˜
−
L )]1Y I
0
3 (m
2
χ˜−
X
, m2
χ˜−
Y
, m2u˜A)
−[U∗(χ˜−R)]1X [U(χ˜−R)]1Y I13 (m2χ˜−
X
, m2
χ˜−
Y
, m2u˜A)
]}
, (B.3)
C˜ZP,νLL |χ˜
0
=
g2Z
8M2Z
NL∗dAXN
L
sBY
×
{
δXY

− 3∑
j=1
[U∗(u˜)]jA[U(u˜)]jB − 2T 3dLδAB

 I13 (m2χ˜0
X
, m2
d˜A
, m2
d˜B
)
+δAB
[
−2mχ˜0
X
mχ˜0
Y
OXYL I
0
3 (m
2
χ˜−
X
, m2
χ˜−
Y
, m2
d˜A
) +OXYR I
1
3 (m
2
χ˜0
X
, m2χ˜0
Y
, m2
d˜A
)
] }
,
(B.4)
with gZ =
√
g21 + g
2
2 and
HLud =
g2 cotβ mu√
2MW
[VKM]ud , (B.5)
HRud =
g2 tanβ md√
2MW
[VKM]ud, (B.6)
OXYL = [U
∗(χ˜0)]3X [U(χ˜
0)]3Y − [U∗(χ˜0)]4X [U(χ˜0)]4Y , (B.7)
OXYR = −O∗XYL . (B.8)
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Here T 3uR = T
3
dR
= 0, T 3uL = −T 3dL = 1/2. C˜ZP,νRL is obtained by interchanging R with L,
C˜ZP,νRL = C˜
ZP,ν
LL |L↔R.
The contributions from box-diagrams are given by
C˜Box,νLL |χ˜
−
= −1
2
mχ˜−
X
mχ˜−
Y
CL∗dAXC
L
sAYC
L∗
νBXC
L
νBY I
0
4 (m
2
χ˜−
X
, m2χ˜−
Y
, m2u˜A, m
2
l˜B
), (B.9)
C˜Box,νRL |χ˜
−
=
1
4
CR∗dAXC
R
sAYC
L∗
νBXC
L
νBY I
1
4 (m
2
χ˜−
X
, m2
χ˜−
Y
, m2u˜A, m
2
l˜B
), (B.10)
C˜Box,νLL |χ˜
0
= −1
4
NL∗νBXN
L
νBY
[
2NL∗dAXN
L
sAYmχ˜0Xmχ˜0Y I
0
4 (m
2
χ˜0
X
, m2χ˜0
Y
, m2u˜A, m
2
ν˜B
)
+NL∗dAYN
L
sAXI
1
4 (m
2
χ˜0
X
, m2χ˜0
Y
, m2u˜A, m
2
ν˜B
)
]
, (B.11)
C˜Box,νRL |χ˜
0
=
1
4
NL∗νBXN
L
νBY
[
2NR∗dAYN
R
sAXmχ˜0Xmχ˜0Y I
0
4 (m
2
χ˜0
X
, m2χ˜0
Y
, m2u˜A, m
2
ν˜B
)
+NR∗dAXN
R
sAY I
1
4 (m
2
χ˜0
X
, m2χ˜0
Y
, m2u˜A, m
2
ν˜B
)
]
, (B.12)
where CLνAX , N
L
νAX are vertices for χ˜
−− ν − l˜, χ˜0− ν − ν˜, respectively, that are analogue to
those in the quark sector.
C SUSY Contribution to the ∆S = 1 Wilson Coeffi-
cients
In this Appendix, we present the formulae for the SUSY contribution to the Wilson coeffi-
cients of ∆S = 1 operators which are used for the calculation of ǫ′/ǫ. To make the notation
simpler, we first give the formulae for the Wilson coefficients for the following operator basis:
H(∆S=1)eff = (s¯αγµPLdα)
∑
q
[
C
q(S)
LL (q¯βγµPLqβ) + C
q(S)
LR (q¯βγµPRqβ)
]
+(s¯αγµPLdβ)
∑
q
[
C
q(T)
LL (q¯βγµPLqα) + C
q(T)
LR (q¯βγµPRqα)
]
+(L↔ R). (C.1)
The Wilson coefficients in the basis given in Eq. (C.1) is converted to the Wilson coefficients
for the operators Q(∆S=1)3 − Q(∆S=1)10 as
C
(∆S=1)
L,3 =
1
12
C
u(S)
LL +
1
6
C
d(S)
LL , (C.2)
C
(∆S=1)
L,4 =
1
12
C
u(T)
LL +
1
6
C
d(T)
LL , (C.3)
C
(∆S=1)
L,5 =
1
12
C
u(S)
LR +
1
6
C
d(S)
LR , (C.4)
C
(∆S=1)
L,6 =
1
12
C
u(T)
LR +
1
6
C
d(T)
LR , (C.5)
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C
(∆S=1)
L,7 =
1
6
C
u(S)
LR −
1
6
C
d(S)
LR , (C.6)
C
(∆S=1)
L,8 =
1
6
C
u(T)
LR −
1
6
C
d(T)
LR , (C.7)
C
(∆S=1)
L,9 =
1
6
C
u(S)
LL −
1
6
C
d(S)
LL , (C.8)
C
(∆S=1)
L,10 =
1
6
C
u(T)
LL −
1
6
C
d(T)
LL , (C.9)
and C
(∆S=1)
R,i = C
(∆S=1)
L,i |L↔R.
Let us first consider the effect of gluon-penguin operator which contributes only to the
∆I = 1
2
amplitude. Denoting
C˜GPL = g3G
L∗
sAG
L
dA
[
1
12Nc
I25 (m
2
G˜
, m2
d˜A
, m2
d˜A
, m2
d˜A
, m2
d˜A
)
−Nc
6
I25 (m
2
G˜
, m2
G˜
, m2
G˜
, m2
G˜
, m2
d˜A
) +
Nc
4
m2
G˜
I15 (m
2
G˜
, m2
G˜
, m2
G˜
, m2
G˜
, m2
d˜A
)
]
−1
6
g3C
L∗
sAXC
L
dAXI
2
5 (m
2
χ˜±
X
, m2u˜A, m
2
u˜A
, m2u˜A , m
2
u˜A
)
−1
6
g3N
L∗
sAXN
L
dAXI
2
5 (m
2
χ˜0
X
, m2
d˜A
, m2
d˜A
, m2
d˜A
, m2
d˜A
), (C.10)
we obtain
C˜
q(S)
LL
∣∣∣
GP
= C˜
q(S)
LR
∣∣∣
GP
=
1
2Nc
g3C˜
GP
L , C˜
q(T)
LL
∣∣∣
GP
= C˜
q(T)
LR
∣∣∣
GP
= −1
2
g3C˜
GP
L . (C.11)
Notice that, in Eq. (C.10) and hereafter, summation over the dummy indices (A, X , and so
on) is implied.
Contribution of the photon-penguin diagrams is parameterized by
C˜PPL =
N2c − 1
36Nc
eGL∗sAG
L
dAI
2
5 (m
2
G˜
, m2
d˜A
, m2
d˜A
, m2
d˜A
, m2
d˜A
)
+eCL∗sAXC
L
dAX
[
− 1
9
I25 (m
2
χ˜±
X
, m2u˜A, m
2
u˜A
, m2u˜A, m
2
u˜A
)
+
1
3
I25 (m
2
χ˜±
X
, m2
χ˜±
X
, m2
χ˜±
X
, m2
χ˜±
X
, m2u˜A)
−1
2
m2
χ˜±
X
I15 (m
2
χ˜±
X
, m2
χ˜±
X
, m2
χ˜±
X
, m2
χ˜±
X
, m2u˜A)
]
+
1
18
eNL∗sAXN
L
dAXI
2
5 (m
2
χ˜0
X
, m2
d˜A
, m2
d˜A
, m2
d˜A
, m2
d˜A
). (C.12)
With C˜PPL , the photon-penguin contributions to the Wilson coefficients are given by
C˜
q(S)
LL
∣∣∣
PP
= C˜
q(S)
LR
∣∣∣
PP
= −eeqC˜PPL , C˜q(T)LL
∣∣∣
PP
= C˜
q(T)
LR
∣∣∣
PP
= 0. (C.13)
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Finally, we present the box contributions. First, the box contributions with internal
gluino and/or neutralino lines are given by
C˜
q(S)
LL
∣∣∣(G˜,χ˜0)
Box
= −GL∗sBGLdBGL∗qBGLqB
[
1
16N2c
I14 (m
2
G˜
, m2
G˜
, m2
d˜A
, m2q˜B)
+
N2c + 1
8N2c
m2G˜I
0
4 (m
2
G˜, m
2
G˜, m
2
d˜A
, m2q˜B)
]
+
1
8Nc
(GL∗sAN
L
dAXN
L∗
qBXG
L
qB +N
L∗
sAXG
L
dAG
L∗
qBN
L
qBX)I
1
4 (m
2
G˜
, m2χ˜0
X
, m2
d˜A
, m2q˜B)
+
1
4Nc
(GL∗sAN
L
dAXG
L∗
qBN
L
qBX +N
L∗
sAXG
L
dAN
L∗
qBXG
L
qB)
×mG˜mχ˜0XI
0
4 (m
2
G˜, m
2
χ˜0
X
, m2
d˜A
, m2q˜B)
−1
4
NL∗sAXN
L
dAYN
L∗
qBYN
L
qBXI
1
4 (m
2
χ˜0
X
, m2χ˜0
Y
, m2
d˜A
, m2q˜B)
−1
2
NL∗sAXN
L
dAYN
L∗
qBXN
L
qBYmχ˜0Xmχ˜0Y I
0
4 (m
2
χ˜0
X
, m2χ˜0
Y
, m2
d˜A
, m2q˜B), (C.14)
C˜
q(T)
LL
∣∣∣(G˜,χ˜0)
Box
= −GL∗sAGLdAGL∗qBGLqB
[
N2c − 2
16Nc
I14 (m
2
G˜
, m2
G˜
, m2
d˜A
, m2q˜B)
− 1
4Nc
m2
G˜
I04 (m
2
G˜
, m2
G˜
, m2
d˜A
, m2q˜B)
]
−1
8
(GL∗sAN
L
dAXN
L∗
qBXG
L
qB +N
L∗
sAXG
L
dAG
L∗
qBN
L
qBX)I
1
4 (m
2
G˜, m
2
χ˜0
X
, m2
d˜A
, m2
d˜B
)
−1
4
(GL∗sAN
L
dAXG
L∗
qBN
L
qBX +N
L∗
sAXG
L
dAN
L∗
qBXG
L
qB)
×mG˜mχ˜0XI
0
4 (m
2
G˜, m
2
χ˜0
X
, m2
d˜A
, m2q˜B), (C.15)
C˜
q(S)
LR
∣∣∣(G˜,χ˜0)
Box
= −GL∗sAGLdAGR∗qBGRqB
[
− N
2
c + 1
16Nc
I14 (m
2
G˜, m
2
G˜, m
2
d˜A
, m2q˜B)
− 1
8N2c
m2
G˜
I04 (m
2
G˜
, m2
G˜
, m2
d˜A
, m2q˜B)
]
− 1
8Nc
(GL∗sAN
L
dAXG
R∗
qBN
R
qBX +N
L∗
sAXG
L
dAN
R∗
qBXG
R
qB)I
1
4 (m
2
G˜, m
2
χ˜0
X
, m2
d˜A
, m2
d˜B
)
− 1
4Nc
(GL∗sAN
L
dAXN
R∗
qBXG
R
qB +N
L∗
sAXG
L
dAG
R∗
qBN
R
qBX)
×mG˜mχ˜0XI
0
4 (m
2
G˜
, m2χ˜0
X
, m2
d˜A
, m2q˜B)
+
1
4
NL∗sAXN
L
dAYN
R∗
qBXN
R
qBY I
1
4 (m
2
χ˜0
X
, m2χ˜0
Y
, m2
d˜A
, m2q˜B)
+
1
2
NL∗sAXN
L
dAYN
R∗
qBYN
R
qBXmχ˜0Xmχ˜0Y I
0
4 (m
2
χ˜0
X
, m2χ˜0
Y
, m2
d˜A
, m2q˜B), (C.16)
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C˜
q(T)
LR
∣∣∣(G˜,χ˜0)
Box
= −GL∗sAGLdAGL∗qBGLqB
[
1
8Nc
I14 (m
2
G˜, m
2
G˜, m
2
d˜A
, m2
d˜B
)
−N
2
c − 2
8Nc
m2G˜I
0
4 (m
2
G˜, m
2
G˜, m
2
d˜A
, m2
d˜B
)
]
+
1
8
(GL∗sAN
L
dAXG
R∗
qBN
R
qBX +N
L∗
sAXG
L
dAN
R∗
qBXG
R
qB)I
1
4 (m
2
G˜
, m2χ˜0
X
, m2
d˜A
, m2
d˜B
)
+
1
4
(NL∗sAXG
L
dAG
R∗
qBN
R
qBX +G
L∗
sAN
L
dAXN
R∗
qBXG
R
qB)
×mG˜mχ˜0XI
0
4 (m
2
G˜, m
2
χ˜0
X
, m2
d˜A
, m2q˜B). (C.17)
In addition, contributions with internal chargino lines exist, which are given by
C˜
u(S)
LL
∣∣∣(χ˜±)
Box
= −1
2
CL∗sBXC
L
dBYC
L∗
uBXC
L
uBYmχ˜±
X
mχ˜±
Y
I04 (mχ˜±
X
, mχ˜±
Y
, m2
d˜A
, m2q˜B), (C.18)
C˜
u(S)
LR
∣∣∣(χ˜±)
Box
=
1
4
CL∗sBXC
L
dBY C
R∗
uBXC
R
uBY I
1
4 (mχ˜±
X
, mχ˜±
Y
, m2
d˜A
, m2
d˜B
), (C.19)
C˜
d(S)
LL
∣∣∣(χ˜±)
Box
= −1
4
CL∗sBXC
L
dBYC
R∗
dBYC
R
dBXI
1
4 (mχ˜±
X
, mχ˜±
Y
, m2u˜A, m
2
u˜B
), (C.20)
C˜
d(S)
LR
∣∣∣(χ˜±)
Box
=
1
2
CL∗sBXC
L
dBY C
L∗
dBYC
L
dBXmχ˜±
X
mχ˜±
Y
I04 (mχ˜±
X
, mχ˜±
Y
, m2u˜A , m
2
u˜B
), (C.21)
while C˜
q(T)
LL
∣∣∣(χ˜±)
Box
and C˜
q(T)
LR
∣∣∣(χ˜±)
Box
vanish.
The Wilson coefficients C˜qRR and C˜
q
RL are obtained from C˜
q
LL and C˜
q
LR by interchanging
the indices L and R.
D Master Integrals
In this Appendix, we present the master integrals used in the calculations of the loop dia-
grams.
The function IND is defined as
IND (m
2
1, m
2
2, · · · , m2D) ≡
∫
d4−2ǫk
(2π)4−2ǫi
(k2)N
(k2 −m21)(k2 −m22) · · · (k2 −m2D)
. (D.1)
Explicit formulae of Ind used in our calculations are as follows:
I16 (M
2
X ,M
2
X ,M
2
X ,M
2
X , m
2
A, m
2
A) =
1 + 9 x− 9 x2 − x3 + 6 x (1 + x) log x
48 π2MX
6 (x− 1)5 , (D.2)
I06 (M
2
X ,M
2
X ,M
2
X ,M
2
X , m
2
A, m
2
A) =
17− 9 x− 9 x2 + x3 + 6 (1 + 3 x) log x
96 π2MX
8 (x− 1)5 , (D.3)
I25 (M
2
X , m
2
A, m
2
A, m
2
A, m
2
A) =
11− 18 x+ 9 x2 − 2 x3 + 6 log x
96 π2MX
2 (x− 1)4 , (D.4)
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I15 (M
2
X , m
2
A, m
2
A, m
2
A, m
2
A) =
2 + 3 x− 6 x2 + x3 + 6 x log x
96 π2MX
4 (x− 1)4 x , (D.5)
I14 (M
2
X ,M
2
X , m
2
A, m
2
A) =
1− x2 + 2 x log x
16 π2M2X (x− 1)3
, (D.6)
I04 (M
2
X ,M
2
X , m
2
A, m
2
A) =
2− 2 x+ (1 + x) log x
16 π2MX
4 (x− 1)3 , (D.7)
I13 (M
2
X ,M
2
X , m
2
A) =
x(−1 + x− x log x)
16 π2(x− 1) + IDiv, (D.8)
I03 (M
2
X , m
2
A, m
2
A) =
1− x+ log x
16 π2MX
2 (x− 1)2 , (D.9)
I02 (M
2
X , m
2
A) =
−1 + x− x log x
16 π2 (x− 1) + IDiv, (D.10)
I14 (M
2
X ,M
2
X , m
2
A, m
2
B) =
1
16 π2MX
2 (x− y)
[−1 + x− x2 log x
(x− 1)2 − (x→ y)
]
, (D.11)
I04 (M
2
X ,M
2
X , m
2
A, m
2
B) =
1
16 π2M4X (x− y)
[−1 + x− x log x
(x− 1)2 − (x→ y)
]
, (D.12)
I13 (M
2
X , m
2
A, m
2
B) =
1
16 π2(x− y)
[−x+ x2 − x2 log x
x− 1 − (x→ y)
]
+ IDiv, (D.13)
I03 (M
2
X , m
2
A, m
2
B) =
1
16 π2MX
2 (x− y)
[−x log x
x− 1 − (x→ y)
]
, (D.14)
I14 (M
2
X , m
2
A, m
2
B, m
2
C) =
1
16 π2M2X (x− y)
{
1
x− z
[−x2 log x
(x− 1) − (x→ z)
]
− (x→ y)
}
,
(D.15)
I04 (M
2
X , m
2
A, m
2
B, m
2
C) =
1
16 π2M4X (x− y)
{
1
x− z
[−x log x
(x− 1) − (x→ z)
]
− (x→ y)
}
,
(D.16)
where x = m2A/M
2
X , y = m
2
B/M
2
X , z = m
2
C/M
2
X , and IDiv contains divergence of 1/ǫ in
dimensional regularization:
IDiv =
1
16 π2
[
1
ǫ
− γE + log
(
4π
M2X
)]
. (D.17)
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